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Cesium overlayers on room-temperature InSb(110) have been studied with scanning tunneling mi-

croscopy and spectroscopy.

A two-dimensional (2D) overlayer is observed, consisting of four-atom,

Cs(110)-like planar clusters arranged in a c¢(2x6) superlattice. Interestingly, current-versus-voltage
(I-V) spectra exhibit a band gap of = 0.6 eV, larger than the substrate band gap of =0.15 eV. The
I-V spectra are very similar to those observed on the similar 2D overlayer on GaAs(110), suggesting
that the measured gap is a property of the 2D Cs film. The possible origins of this insulating behavior

are discussed.

Scanning tunneling microscopy and spectroscopy (STM
and STS) have been used to investigate the growth of
metal overlayers on room temperature III-V semiconduc-
tor (110) surfaces.! % The III-V (110) surfaces are ap-
pealing for studies of the metal-semiconductor interface
since a surface relaxation moves the surface states out of
the bulk band gap,®'? thereby allowing any metal-induced
states within the gap to be more easily observed. Upon
adsorption of a metal overlayer different electronic states
usually appear within the bulk band edges, so that the
band gap observed at the surface is narrower than that of
the substrate.>”® Metallic characteristics (i.e., states at
the Fermi level) are not usually observed until the forma-
tion of three-dimensional (3D) multilayer structures. >3

In this Rapid Communication we describe the room-
temperature properties of Cs overlayers on the narrow-
band gap III-V semiconductor InSb(110) (band gap E,
=0.15 eV) as determined with STM and STS. A 2D
phase of Cs is observed that is composed of four-atom,
Cs(110)-like planar clusters arrayed in a ¢(2x6) super-
lattice. Surprisingly, the band gap on this Cs-covered sur-
face is found to be nearly identical to that observed on the
similar Cs-covered GaAs(110) surface,” E,=~0.6 eV,
suggesting that this gap is characteristic of the 2D Cs
overlayer. To our knowledge, this is the first example of a
single layer of adsorbed metal atoms opening up a band
gap larger than that of the underlying substrate.

The experiments were performed in ultrahigh vacuum
on freshly cleaved room-temperature InSb(110) surfaces
(n-type, Te doped, 2.5%10'> cm ~3). The STM has been
previously described.'!"!? Prior to mounting the samples
in the microscope, Cs was deposited at a rate of ~10'?
cm ~2s ! using a getter source heated to 625°C. All
STM images shown here were recorded in constant
current mode (1 =100 pA) with a negative sample bias, so
that only filled electronic states are observed. The images
were recorded with the +x scan direction approximately
45° with respect to the [110] direction, and are displayed
uncorrected for thermal drift. Current-versus-voltage
(I-V) spectra were obtained by interrupting the STM
feedback loop at selected points in the images.'*>!'3 We
define the band gap E, as the region of an /- spectrum
with zero tunneling conductance, as determined within the
noise limit of the data on a more sensitive scale than that
shown (Fig. 4). We can measure the width of this region

44

with a precision of approximately 0.1 eV.

The adsorption of Cs on InSb(110) is quite similar to
that on GaAs(110), despite the 15% larger lattice con-
stant of InSb. As we previously reported,’ with increasing
coverage on GaAs, insulating 1D zigzag chains are initial-
ly observed (E,=1.1 eV), followed by a 2D overlayer
(E; = 0.6 eV), and finally a metallic 3D bilayer (satura-
tion coverage). On InSb(110), long zigzag chains are also
observed at low coverages.”'* Similarly, a 2D phase is
observed following further Cs exposure, as shown in Fig.
1. An image of a relatively wide area on the surface is
displayed in Fig. 1(a), with a Cs coverage estimated to be
=~0.5 per InSb(110) unit cell (1.7x10' cm ™2). Al-
though the 2D overlayer shown is not perfectly ordered,
the highest density well-ordered areas are composed of

FIG. 1. STM gray-scale topographic images (filled states),
with increasing magnification, of a 2D Cs overlayer on room
temperature InSb(110): (a) 400x400 A2 (b) 100%x100 A?; (c)
50%50 A2 (d) 30%30 A? (rendered as a solid, in perspective).
(b)-(d) zoom in on a ¢(2x6) ordered area composed of planar
Cs clusters. Each cluster appears to have four Cs atoms, topo-
graphically =1 A high. The Cs coverage, as estimated from
the images, is = 0.5 Cs per InSb(110) unit cell (1.7x10'
cm ~2). Note that the +x scan direction is approximately 45°
from the [110] direction, and that the dimensions are uncorrect-
ed for thermal drift.
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small clusters arranged in a ¢(2%6) superlattice. With a
slightly larger Cs coverage this ¢(2Xx6) structure com-
pletely covers the surface. When the c(2x%6) structure is
viewed with successively higher magnification [Figs.
1(b)-1(d)], it becomes apparent that each maximum ob-
served in Fig. 1(a) corresponds to a four-atom planar Cs
cluster. Note that no features associated with the sub-
strate atoms are observed in topographs of this structure.
A model of the c(2x6) overlayer is illustrated in Fig. 2,
with the assumption that each maximum in the topogra-
phy of the planar clusters corresponds to the position of an
adsorbed Cs atom. The atoms within each cluster appear
to be incommensurate with the InSb(110) lattice, with an
average nearest-neighbor distance approximately equal to
that in bulk Cs, 5.2 A. Note that the four atoms within
each cluster sit in inequivalent adsorption sites, account-
ing for the different topographic heights observed.

The 2D Cs overlayer on InSb(110) is structurally simi-
lar to the one observed on GaAs(110),’ indicating the im-
portance of Cs-Cs interactions in these overlayers. As on
GaAs, each planar cluster on InSb resembles a section of
a Cs(110) surface (see Fig. 2), with the structure of each
cluster similar to that predicted for the same-size gas-
phase cluster.!> However, interactions with the substrate
surface also play a role in determining the structure of the
overlayers, as indicated by the well-ordered (but dif-
ferent) superlattices observed on the two surfaces [e.g., on
GaAs the clusters have five atoms each and are ordered in
a c(4x4) array’). The distortions within each cluster
away from an ideal Cs(110) close-packed structure pro-
vide further indication of Cs-substrate interactions; at
least in the case of GaAs, where the registry of the Cs
clusters with the underlying lattice is more confidently
known, the fourfold hollow-like sites between the As
atoms seem to be preferred.

[001] Q' e sb
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FIG. 2. Schematic model of the c(2x6) Cs overlayer. The
Cs atoms are drawn with 5.2 A (bulk-like) diameters. Only the
Sb lattice is shown for clarity. A segment of a Cs(110) lattice is
superimposed over the cluster on the right. The registry of the
Cs clusters with the InSb(110) surface is not known, but has
been inferred based on similarities with Cs on GaAs(110) (Ref.
7). Note that the Cs density in the ideal c(2x6) overlayer is
Cs per InSb(110) unit cell (2.2x10" cm ~2).
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When a completed c(2%6) Cs overlayer on InSb(110)
is exposed to further Cs, a second layer begins to grow.
As seen in Fig. 3, additional Cs adsorbs on top of the
c¢(2x6) structure as disordered adatoms and clusters.
[The underlying ¢(2x6) layer is seen most clearly in the
upper-right corner of the image.] Topographic profiles
along the surface indicate that the newly adsorbed clusters
are a single atomic layer high, i.e., the surface shown is a
partly completed disordered bilayer. A range of topo-
graphic heights are observed on this surface, which is not
surprising given the variety of possible adsorption sites on
and between the planar clusters in the first layer. Howev-
er, there are two dominant topographic heights above the
¢(2x%6), one corresponding to that expected for a Cs atom
adsorbed in a twofold bridge site, and the other for an
atom in a fourfold hollow site. Saturation exposure of the
surface at room temperature results in a completed (disor-
dered) bilayer, with the ¢(2x6) structure no longer visi-
ble.

The similar Cs structures observed on InSb and Ga-
As(110) surfaces share some remarkable electronic prop-
erties, as revealed by the /-V characteristics. Typical 7-V
spectra recorded on the two substrates with the STM tip
held over a 1D chain, a 2D overlayer, or a 3D saturation
bilayer are compared in Fig. 4. As reproduced in Fig.
4(a), the apparent band gap on a 1D zigzag chain on
GaAs(110) is = 1.1 eV (Ref. 7), reduced from the bulk
value of = 1.5 eV. In contrast, the -V spectrum on a
similar zigzag chain on InSb(110) exhibits a gap approxi-
mately equal to that of the substrate, = 0.15 eV. We be-
lieve this may not be a measure of the “chain gap,” how-
ever, but rather an indication of tunneling into and out of
substrate states, for the following reason. As previously
described,”"'* the substrate atoms adjacent to each Cs
atom in the chain are clearly visible in the STM topo-
graphs of Cs on InSb(110). This shows that electronic
states associated with the substrate atoms extend out into
the vacuum around each adsorbed Cs atom, and may,

FIG. 3. STM gray-scale topographic image, approximately
400x400 A2, of InSb(110) nearly saturated with Cs. The Cs
forms a disordered bilayer. A nonlinear gray-scale has been em-
ployed in order to make the underlying c(2x%6) layer more visi-
ble (see the upper right corner). The gray scale spans approxi-
mately 6 A.
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FIG. 4. A comparison of current vs voltage spectra recorded
on various Cs structures on InSb(110) (symbols) and
GaAs(110) (lines): (a) 1D zigzag chain; (b) 2D overlayer; (c)
3D saturation bilayer. The band gaps indicate the regions of
zero conductance (determined on a more sensitive scale). Note
that the spectra in (b) and (c) are offset from zero current, and
that the GaAs data have been slightly smoothed.

therefore, participate in the tunneling during an 7-V mea-
surement (especially when the bias voltage is at a level
where there are no states associated with the chain). In
consequence, if a larger gap is associated with the chain it
will be obscured by tunneling into and out of the adjacent
substrate states, and the observed gap will be that of the
substrate. Note that this effect was not a problem in
determining the band gap on the 1D Cs chain on
GaAs(110) because the Cs reduces the gap in that case.

The comparison between the electronic properties of Cs
on InSb(110) and GaAs(110) continues in Fig. 4(b) with
I-V spectra recorded on 2D overlayers. Surprisingly, the
spectra on the two different Cs-covered surfaces are near-
ly identical, with band gaps of = 0.6 eV. This is particu-
larly noteworthy since the gap is /arger than the InSb
band gap. Saturating the InSb surface with additional Cs
narrows the observed gap, bringing the surface to a nearly
metallic state [E; <0.1 eV; Fig. 4(c)]. While not as
clearly metallic as Cs-saturated GaAs(110), examination
of the differential conductivity shows that there is nonzero
conductivity for all but the smallest voltages (=< [0.05|
V).

To our knowledge, this is the first time a layer of metal
atoms has been shown to open up a band gap larger than
the bulk band gap of the underlying substrate. One might
expect a 2D alkali-metal film to be metallic (in the plane
of the film), since the single valence electrons should form
a half-filled band of states at the Fermi level. However, if
this were the case, the I-¥ spectrum would not exhibit a
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band gap. While it is true that the tunneling conductance
is usually dominated by substrate electronic states with
momentum perpendicular to the surface, tunneling into
and out of states with nonzero parallel momentum (k;)
can be observed if there are few or no states with k; =0
within the tunneling energy distribution.'® The band gap
measured with the STM therefore reflects the minimum
gap across the whole surface Brillouin zone, not just the
gap at the zone center (k; =0). Since we observe a band
gap in the /-V spectrum, we conclude that the 2D Cs
overlayer is not metallic, even in the plane of the film.
This is truly an insulating overlayer, one in which the
InSb substrate states at the interface are not observed to
participate in the tunneling.

The remarkable similarity of the 7-¥ spectra for the 2D
Cs overlayers on InSb(110) and GaAs(110) suggests that
the spectra are characteristic of the Cs overlayer. It is
well-known that liquid Cs undergoes a metal-insulator
transition at low density due to electron correlation
effects, as described by a Mott-Hubbard model,'” and it
has been proposed that the Cs overlayer on GaAs(110)
may be an example of a 2D Mott-Hubbard system.”'® In
this model, the insulating band gap of the overlayer is at-
tributed to the existence of an electron correlation energy
U associated with the low Cs density and coordination.”'®
If the Cs-Cs interactions are strong compared to the Cs-
substrate interactions, for which the formation of similar
clusters on both substrates provides evidence, then this
model would explain the common electronic properties ob-
served on both substrates. Furthermore, it is consistent
with the narrowing of the band gap observed upon adsorp-
tion of the second Cs layer, since an increase in Cs density
and clo70rdination would reduce the electron correlation en-
ergy.

While a description of the Cs overlayers in terms of a
2D Mott-Hubbard system is very appealing, there may be
an explanation for the observed insulating behavior within
a single-particle picture. A recent calculation for Na on
GaAs(110) (Ref. 19) found that the alkali-metal valence
electron strongly interacts with the empty Ga dangling-
bond state, indicating that alkali-substrate interactions
may be substantial. If this is the case for Cs, the similar
I-V spectra observed on both InSb(110) and GaAs(110)
may result from single-particle band structures that are
characteristic of similar alkali-substrate interactions.
Since GaAs and InSb have similar Phillips ionicities, 2’
and Ga and In have nearly the same first ionization ener-
gies,?! it is possible that the two substrates have similar
band structures when covered with similar alkali-metal
overlayers.

The importance of metal overlayer-substrate interac-
tions in determining the overall surface band structure is
illustrated by the insulating (1x1) Sb overlayer on
GaAs(110)."3 Band structure calculations by Mailhiot,
Duke, and Chadi?? show that, if isolated, the 2D Sb film
would be metallic, but that a band gap is opened by the in-
teraction of the hybridized Sb orbitals with the Ga and As
dangling bond states (there are two Sb per GaAs unit
cell). Furthermore, although the measured electronic
structure of a (1x1) Sb overlayer on InSb(110) has yet to
be reported, the calculated states for such a surface are
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very similar to those on GaAs(110).%2 There is an impor-
tant difference, however, between these Sb overlayers and
the Cs overlayers we observe (which appear to interact
primarily with the surface Ga or In atoms). A (1x1) Sb
overlayer on a III-V (110) surface has an even number of
valence electrons per surface unit cell, and is therefore ex-
pected to be nonmetallic. In contrast, a Cs overlayer
bonded only to surface Ga or In atoms has an odd number
of valence electrons, and one therefore expects a half-
filled, metallic band of states. An accurate calculation of
the band structures for the actual 2D Cs overlayers on
GaAs(110) and InSb(110) is required to determine if
single-particle effects explain the observed band gaps. It
is possible that even when Cs-substrate interactions are in-
cluded, correlation effects will be necessary to account for
the insulating character of these surfaces.

If the alkali-metal overlayers truly are 2D Mott-
Hubbard systems, they will have interesting magnetic
properties which should be observable in the laborato-
ry.?>?* For example, a 2D Mott-Hubbard system will ex-
hibit antiferromagnetic ordering at the Néel temperature,
kgTn=2t%*/U, where U is the intrasite Coulomb interac-
tion energy between two electrons on the same site (the
electron correlation energy, = 0.6 eV in this case), and ¢
is the interaction energy between electrons on neighboring
sites.?®> The interaction energy ¢ is approximately equal to
the dispersion of the donor state (or acceptor state) ener-
gy level [the level associated with the presence of one (or
two) electrons on a single sitel,?* and therefore should be
measurable via angle-resolved photoemission spectrosco-
py. (Assuming T < 300 K, the dispersion should be very
small, <O0.1 eV.) If the Néel temperature is experimen-
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tally accessible, it should be possible to observe the anti-
ferromagnetic transition with low-energy electron
diffraction from the alkali-metal overlayer, since the ex-
pected magnetic ordering will change the periodicity of
the electron scattering.

In summary, we have studied the room-temperature ad-
sorption of Cs on the (110) surface of the narrow-band-
gap semiconductor InSb with scanning tunneling micros-
copy and spectroscopy. Insulating 1D zigzag chains are
observed at low coverages, as previously reported.” With
increasing coverage a 2D overlayer is observed, composed
of four-atom, Cs(110)-like planar clusters ordered in a
c(2x6) superlattice. Additional Cs exposure leads to the
growth of a disordered second layer on top of the c(2x6)
structure, and a transition to near metallic conductance
(E; <0.1 eV). Remarkably, the 2D c¢(2x6) overlayer is
found to have a band gap of = 0.6 eV, which is /arger
than that of the underlying InSb substrate, and nearly
identical to that observed for the similar 2D overlayer on
GaAs(110). The similarities between the adsorption of
Cs on InSb and GaAs suggest that the observed electronic
properties are characteristic of a 2D Cs overlayer, which
may be an example of a 2D Mott-Hubbard insulator. Al-
ternatively, the band gap may result from single-particle
band structure effects associated with characteristic Cs-
substrate interactions. Clearly, further experimental and
theoretical work is needed to elucidate the physical mech-
anisms underlying this interesting result.
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